A B S T R A C T Inhibitors of erythropoiesis have been found in the blood of uremic patients but their nature has not been identified. These patients have excess blood levels of parathyroid hormone (PTH) and it is possible that PTH inhibits erythropoiesis. The present study was undertaken to examine the effect of intact PTH molecules and some of its fragments on human peripheral blood and mouse bone marrow burst-forming units-erythroid (BFU-E), on mouse bone marrow erythroid colony-forming unit (CFU-E), and granulocyte macrophage progenitors (CFU-GM), and evaluate the interaction between PTH and erythropoietin (Ep) on human BFU-E. Intact PTH (1-84 bPTH) in concentrations (7.5-30 U/ml) comparable to those found in blood of uremic patients produced marked and significant (P < 0.01) inhibition of BFU-E and mouse marrow GFU-GM, but not of mouse marrow CFU-E. Inactivation of 1-84 bPTH abolished its action on erythropoiesis. Increasing the concentration of Ep in the media from 0.67 to 1.9 U/ml overcame the inhibitory effect of 1-84 bPTH on BFU-E. The N-terminal fragment of PTH (1-34 bPTH) and 53-84 hPTH had no effect on BFU-E.
INTRODUCTION
Patients with chronic renal failure almost always have mlarked anemia (1) (2) (3) (4) (5) . Decreased production (3, 5, 6) and shortened survival of erythrocytes (7) (8) (9) (10) (11) have been implicated as the cause of this abnormality. Re- duced availability of erythroprotein (Ep)l (12) (13) (14) (15) (16) and the presence of inhibitors to various stages of erythropoiesis (5) could be responsible for the decrement in erythrocytes production. Indeed, uremic sera have been found to inhibit erythroid colony formation in vitro (17) . The nature of these inhibitors are, as yet, unknown.
One prominent biochemical abnormality in renal failure is secondary hyperparathyroidism (18) (19) (20) and marked elevation in blood levels of parathyroid hormone (PTH) (21) (22) (23) . Recently, PTH has been suggested to be a major uremic toxin underlying, at least partly, many of the manifestations of the uremic syndrome (24) (25) (26) . It is theoretically possible that PTH affects erythropoiesis and, as such, the secondary hyperparathyroidism of renal failure participates in the pathogenesis of the anemia of uremia.
The present study was undertaken to investigate the effects of intact PTH and some of its fragments on erythroid colony formation and to investigate the interaction between PTH and Ep on erythropoiesis.
METHODS
The effects of PTH on the following hematopoietic progenitor cells were investigated: (a) human peripheral blood burstforming unit-erythroid (BFU-E), (b) mouse bone marrow BFU-E, (c) mouise bone marrow erythroid colony-forming cells (CFU-E), (d) mouse bone marrow granulocyte macrophage (CFU-GM). Cells were cultured for BFU-E quantitation by the method of Iscove et al. (27) as modified by Ogawa et al. (28) . Mononuclear cells were obtained from heparinized peripheral venous blood of healthy adult human subjects by centrifugation on Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscataway, N. J.) at 400 g for 30 min; 5 x 105 cells in 1 ml final volume were plated in tissue culture dishes (35 x 10 mm, 2-mm grid, Lux Scientific Corp., Newbury Park, Calif.). The cells were ctulttured in a-medium (Flow Laboratories, Inc., Rockville, Md.) that contained 0.8% methylcellulose (Dow Chemical Co., Midland, Mich.), 30% fetal calf serum (Gibco 1 Abbreviations used in this paper: BFU-E, erythroid burstforming unit; bPTH, bovine PTH; CFU-E, erythroid colonyforming cells; CFU-GM, CFU granulocyte macrophage; Ep, erythropoietin; PTH, parathyroid hormone.
Laboratories, Grand Island Biological Co., Grand Island, N. Y.), 0.1 ,umol/ml of a-thioglycerol (Sigma Chemical Co., St. Louis, Mo.), 50 U/ml of penicillin, and 50 ug/ml of streptomycin; 1.3 U/ml ofhuman EP (preparation OPR, 148.1 U/mg protein) was added when indicated.
Ep was kindly provided by the National Heart, Lung and Blood Institute, Bethesda, Md ,ug ofthis preparation is equivalent to 10 U of intact PTH used in this study. The hormone or its fragments were dissolved in half strength a-medium and sterilized by passage through silver metal membrane 0.45 a (Selas Flotronics, Huntington Valley, Pa.). A volume of 75 ,ul of appropriate PTH solutions was added to 1-ml cultures to provide the desired concentration of PTH in media. In addition, the effect of inactivation of PTH on BFU-E was also studied. 1-84 bPTH was inactivated as follows: 10-15 ,g of the PTH was dissolved in 60 ,ul 0.15 N acetic acid and to this solution 40 ,ul of 30% vol/vol H202 was added. The solution was incubated at 37°C for 45 min and the reaction was terminated by freezing and lyophilizing.
To examine the interaction between PTH and Ep on erythroid colony formation, the concentration of Ep was varied in certain experiments from 0.67 to 1.9 U/ml.
RESULTS
The effect of PTH on human peripheral blood BFU-E, mouse marrow BFU-E, CFU-E, and CFU-GM, and the interaction between PTH and Ep on human BFU-E are shown in Tables I through III in Fig. 1 . The 1-84 bPTH had a significant inhibitory effect on both human and mouse BFU-E but not on mouse CFU-E. The inhibition of human BFU-E was apparent at a PTH concentation of 3.75 U/ml, and further inhibition occurred by increasing the amount of PTH in the media with only 22±3% (SE) remaining colonies at 30 U/ml (P < 0.01), Table I . It is important to emphasize that not only was the number oferythroid burst colonies remaining in the media containing PTH reduced, but also the number of subcolonies per burst was also significantly decreased; in a mouse bone marrow study the number of subcolonies in 10 bursts was 307 in the absence ofPTH and 51 in the presence of PTH. 1-84 bPTH also significantly (P < 0.01) inhibited mouse marrow granulocyte macrophage progenitor cells. Inactivation of 1-84 bPTH abolished its inhibitory effect on human BFU-E (Table I) .
Increasing the concentration of Ep in the media from 0.67 to 1.9 U/ml overcame the inhibitory effect of 1-84 bPTH on human BFU-E. At the highest Ep concentration the number of colonies detected was 83±9%, a value not significantly different from control ( Fig. 1) . bPTH in a concentration up to 220 U/ml did not inhibit human BFU-E (Table I ) and this fragment of PTH also had no effect on mouse marrow progenitor cells, Table II . The same batch of bPTH stimulated the beating ofheart cells (31) and increased the production ofcyclic AMP by renal tubular cells (32) indicating that it was biologically active in other systems.
The effect of53-84 hPTH on human peripheral blood BFU-E is shown in Table III . This fragment ofPTH also did not have an inhibitory effect on BFU-E. In contrast, experiments with bPTH carried out in parallel demonstrated significant and marked inhibition of BFU-E. In fact, the magnitude of the inhibition of BFU-E by 1-84 bPTH in these experiments was similar to that observed in the earlier studies described above.
DISCUSSION
The results of the present study demonstrate that the intact PTH molecule (1-84 amino acids) inhibited erythropoiesis in vitro, whereas the N-terminal fragment of PTH (1-34 amino acids) did not exert such an effect. This action of the hormone affected erythropoiesis at the stage of BFU-E and not at the stage of CFU-E. The demonstration that inactivated hormone lost its inhibitory effect on erythropoiesis indicates that this function is related to biological activity ofthe hormone. Furthermore, the observation that PTH inhibited BFU-E and not CFU-E argues against the notion that the effect was mediated by contaminant, such as endotoxin; the latter would have inhibited both BFU-E and CFU-E.
It is generally accepted that the N-terminal fragment is an active moiety of PTH (33) . This notion is based on the ability of this fragment to increase cyclic AMP production (34) but it does not necessarily imply that the 1-34 fragment has all the effects of the intact 1-84 molecule of PTH. Our studies show that on the erythropoiesis system, the N-terminal fragment does not possess the action of the intact hormone. A corollary to our observation is the finding that 1-34 bPTH does not enhance glucose release by the liver, whereas the intact hormone does (35) .
Several possibilities could be considered to explain the different effect of (38) mentioned in an abstract report that they did not find an effect of PTH on CFU-E. Although they did not provide detailed information on their observation, nor did they specify the preparation of PTH used, their results are in agreement with ours in regard to CFU-E.
Ohno et al. (17) found that uremic sera inhibited rabbit marrow CFU-E and BFU-E in the same way that PTH inhibited BFU-E in our study. They could not attribute their findings to altered blood levels of creatinine or quanidine compounds. It is possible that the effect of the uremic sera in their studies was due to excess PTH contained in the sera. Such an interpretation is consistent with our observations. However, one must assume that factors other than PTH were responsible for the inhibition of CFU-E in their studies.
The amounts of PTH used in our studies are comparable to those present in the blood of patients with advanced uremia. A concentration of 1 U/ml of bPTH in the reaction media is comparable to 20 ,uleq/ml as measured by our radioimmunoassay. Thus, 7.5 to 30 U/ ml, which produced inhibition of erythropoiesis, are equivalent to 150-600 uleq/ml, values commonly found in the blood of uremic patients. Therefore, it is plausible that the elevated blood levels of PTH in uremia produce a similar inhibition of erythrocyte cell formation.
The pathways through which excess blood levels of PTH in patients with renal failure may cause anemia are complex. Our data provide one possibility and suggest that secondary hyperparathyroidism of renal failure inhibits erythropoiesis and, as such, contributes to the degree of the anemia. Excess blood level of PTH may act through other mechanisms as well. Parathyroid hormone can induce hemolysis (39) and be responsible, at least partly, for the shortened survival of the erythrocytes. In addition, excess hormone causes bone marrow fibrosis and, indeed, an important component of bone disease in renal failure is marked fibrosis of the bone marrow cavity (40, 41) . Such fibrosis reduces the availability of red marrow to produce erythrocytes.
Clinical observations support a role for excess PTH in the pathogenesis of the anemia of renal failure. Avram et al. (42) found in 12 dialysis patients that their hematocrit and reticulocytes increased and their blood transfusion requirements decreased after subtotal parathyroidectomy. Better et al. (43) also reported a significant rise in hemoglobin in four uremic patients after total parathyroidectomy and they mentioned one patient in whom hemoglobin increased from 4.0 to 9.0 g/100 ml after suppression of the activity of parathyroid glands by treatment with 1,25 dihydroxycholecalciferol. Anemia has also been reported in patients with primary hyperparathyroidism. Aurbach et al. (44) and Mallete et al. (45) found that 12 of 58 (21%) patients with parathyroid adenoma had anemia that could not be explained by other causes; in seven of eight such patients, the anemia disappeared after parathyroidectomy. Furthermore, Boxer et al. (46) reported that 17 of their 322 patients with primary hyperparathyroidism (5.1%) had unexplained normochronic, normocytic anemia. They also found that the blood levels of PTH were four times higher in the patients with anemia than in those without anemia. In seven of their patients in whom data were available before and after removal of the parathyroid adenoma, there were spontaneous and significant (P < 0.01) increments in hematocrit from 29.6±1.3 (SE) to 40.1± 1.5.
The lower incidence and the milder degree of anemia in patients with primary hyperparathyroidism than in patients with uremia and secondary hyperparathyroidism should not be construed as evidence against a role for PTH in the pathogenesis ofanemia. The lower blood levels ofPTH, a possibly shorter duration ofthe disease, and the availability of normal kidneys and, hence, normal Ep production in patients with parathyroid adenoma may provide an explanation for the differences in the anemia between them and those with chronic renal failure.
The interaction between PTH and Ep on erythropoiesis deserves a comment. Our data showed that the inhibitory effect of PTH on BFU-E was counterbalanced by increasing the concentrations of Ep in the culture media. This finding provides the experimental basis for the understanding ofthe clinical observations reported by Caro et al. (16) . These authors studied two groups of uremic patients with similar levels of hematocrit. One group had significantly higher blood levels of PTH and Ep, as well. Their data would suggest that the inhibitory effect of PTH on erythropoiesis in those with higher blood levels of hormone was overcome by the higher blood levels of Ep resulting in hematocrit levels similar to those noted in the patients with lower PTH levels and, hence, lesser inhibition of erythropoiesis.
The interaction between PTH and Ep would suggest that patients with advanced chronic renal failure are in double jeopardy regarding their erythropoiesis. The excess blood levels ofPTH inhibit erythrocyte formation and the inability to generate adequate Ep permits the inhibitory action of PTH to proceed unchecked. Such a combination of circumstances provide at least one explanation for the differences in the anemia between patients with renal failure and those with primary hyperparathyroidism who would have adequate Ep to counterbalance the action of PTH on erythropoiesis.
The observation that 1-84 bPTH also inhibited the mouse marrow granulocyte macrophage progenitor cells would suggest that leukopenia as well as anemia may develop in clinical conditions with excess PTH. However, leukopenia is not observed in primary or secondary hyperparathyroidism. It is conceivable that the availability ofa factor analogous to Ep acting on the leukocyte system is not reduced in uremic patients or those with primary hyperparathyroidism and, therefore, may compensate for the inhibitory effect of PTH.
The cellular mechanism(s) through which PTH affects erythropoiesis are not elucidated. PTH stimulates calcium transport into mammalian cells (47) (48) (49) . Alterations in transmembrane cation entry have important effects on cell proliferation and differentiation (50) , and calcium has been implicated as intracellular messenger for these processes (51) . It is theoretically plausible, therefore, that PTH affects erythropoiesis through the stimulation of calcium entry into erythroid cells.
Several lines of evidence support the calcium ion being an important regulator of erythropoiesis. Perris and Whitefield (52) reported that elevation of the blood concentration of calcium in the rat by calcium infusion or by PTH administration significantly increased mitotic activity ofbone marrow within a few hours and this was followed by an increase in reticulocyte production suggesting stimulation of erythropoiesis (52) . GallienLartigue (53) found that a calcium ionophore (A-23187) stimulated the proliferation rate of the hematopoietic stem cells of the mouse bone marrow as assayed by spleen colony-forming method (53) . Finally, Misiti and Spivak (54) reported that small concentrations of calcium ionophore A-23187 (10 nM) enhanced Ep-induced erythroid colony formation.
If PTH enhances calcium entry into the erythroid cells and if calcium enhances cell proliferation, one would expect stimulation oferythroid colony formation rather than their inhibition by PTH. However, some of the observations metioned above were derived from acute experiments, and it is possible that prolonged exposure to large amounts of PTH is associated with greater changes in intracellular concentration of calcium that are adverse to cell function. The available information indeed suggest that stimulation or inhibition of erythropoiesis may be related to the amount of calcium available to the cells. Gallien-Latrigue found that the stimulation of erythroid colonies by calcium ionophore occurred when the concentration of the latter was 0.5-0.8 ,g/ml but inhibition of colony formation was noted with a concentration of 1 ,ug/ml (53) . The cytotoxic effect of the higher concentration of the ionophore was prevented by the addition of magnesium to the media; magnesium competed with calcium for the ionophore molecule and such a competition most probably resulted in reducing the rate of calcium influx into the cells. Misiti and Spivak (54) also found that increasing the calcium concentration in the culture media or addition of large concentrations of calcium ionophore A-23187 (1 AM) suppress proliferation of erythroid colonies. Levi et al. (37) reported that small amounts of PTH stimulated mitotic activity and RNA and heme synthesis by erythroid precursors, while large amounts of the hormone inhibited these processes. Finally, it should be mentioned that the prolonged exposure of other tissues such as the brain or the peripheral nerves to excess PTH significantly increased their calcium content and was associated with disturbances in their function (55) (56) (57) (58) (59) (60) .
In summary, our data demonstrate that the intact molecule or a C-terminal fragment(s) bigger than moiety inhibits erythropoiesis and this inhibitory effect could be overcome by adequate amounts of Ep. Our results, thus, provide new insight as to the pathogenesis ofthe decreased erythrocytes production in uremia and indicate that the excess blood levels of PTH, besides the reduced availability of Ep, plays an important role in the overall process responsible for the anemia of uremia.
